Full scale experiments were performed in an underground subway station to investigate the effect of water mist on smoke flow from tunnel area to platform through shield door. Smoke temperature, species concentrations and smoke visibility were measured at different points. Dimensionless variables were introduced to represent the variations of smoke characteristics. The smoke temperature with water mist interaction could be reduced to less than 1/10 of the spill smoke flow. The mass flow rate could be reduced to less than 1/4 of the spill smoke flow. The experimental results indicated that the water mist system could help to reduce smoke temperature and the concentration of toxic species, improving survival conditions for evacuations of passengers.
Introduction
Fires in subway stations or tunnels often result in catastrophes and heavy casualties, such as incendiary fire in Daegu, Korea and carriage fire in Kitzseinhorn, Austria. In the case of train fires, large quantities of smoke are likely to enter the platform due to the confinement of tunnel wall and the stack effect of the upward staircase on the platform. The filling smoke will reduce the visibility of the evacuee's path and cause fatalities by asphyxiation [1] . Techniques to protect platform from fire spread and smoke propagation are highly desirable. Due to the long edge of the platform, automatic sprinkler systems and water curtain systems are no longer applicable because the large quantities of water consumption often result in water damage to the electronic facilities.
Water mist system is one of the most efficient fire suppression systems which can be widely used in water-free situations, e.g. electronic cabinets, power / electronic cable tunnels [2, 3] . Although there were numerous studies on the fire suppression by water mist systems [2] [3] [4] [5] [6] [7] [8] [9] , fewer studies concerned the effect of water mist on smoke flows. A zone model was used by Chow [10] to predict the interaction between water mist and smoke layer. The smoke removal efficient of charged water droplets were investigated experimentally by Balachandran, Maghirang and Xiang [11] [12] [13] . Some critical parameters variations for smoke layer interacted with uncharged water spray were reported by Fang [14] . According to the previous studies, most of the experiments were carried out in the laboratories with reduced scale model. Full scale experiments were rarely reported. In this study, the full scale experiments were performed in an underground subway station, smoke control in subway fires by water mist system is studied. Some principles are presented according to the experimental results. 
Experiments

Experimental Setup
The large scale experiments were carried out in an underground subway station 1:1 full model in Shanghai. The main body of the experimental space is reinforced concrete frame with the dimension of 140 m × 8.8 m × 3.8 m, including the traffic tunnel area and platform (Fig. 1) . The traffic tunnel is 4.1 m wide and the platform is 3.8m wide. A subway carriage model (22 m × 3.0 m × 2.6 m) was placed 1.0 m above the traffic track. A total of 45 high pressure mini-sized water mist nozzles, located 2.7 m above the floor, were placed in 0.5 m intervals in front of the subway shield doors, as shown in Fig. 1 . The water mist system was manufactured by Danfoss Semco Corporation. The maximum pressure of the pump set was 14.0 MPa, and the designed flow rate was 160 L / min. The K-factor of the nozzle was 0.092. The gas sampling sensors were set at the sill of the shield door. The concentrations of oxygen, carbon monoxide and carbon dioxide were tested by M900 gas analyzer. The thermocouples which were carefully calibrated before the experiments were labeled as T1 to T9. A video camera was installed right opposite to the shield door. The smoke visibility was measured by DL-VICO meter (see in Fig. 1 ).
Determination of HRR
Foam/Sponge fire was chosen as the fire source of test SF1, as shown in Fig.2 . The average heat release rate of PU foam was 116 kW/m 2 as reported by Kotresh [15] . Diesel pool fire was used in test LF2, the heat release rate of diesel pool fire was estimated according to the mass loss rate measured by the electronic balance [16] The heat release rates were calculated as 0.98 MW and 1.24 MW separately. The fire growth rates were recognized as 0.06 [17] .
Experimental results
For quasi steady state fire of test SF1 (see in Table 1 ), The average temperatures of smoke layer inside/outside of the carriage were 47. 95 and 30.06 separately. The average concentrations of CO were 340.21 ppm and 130.5 ppm. The visibility of platform at 2 m height was lower than 0.69 m, engendering negative impact on the evacuation. After water mist activated, the smoke temperature of platform decreased to ambient temperature within 3 minutes, the visibility increased to 38.6 m and the CO concentration decreased to 29.22 ppm. The environmental conditions of platform were no longer harmful to passengers after water mist activated. The temperature inside of the carriage also decreased significantly, because the water mist entrained the carriage through central door. Although water mist had no direct effect on fire, the activation of water mist system could also help to improve survival conditions inside of the carriage.
The carriage door of Test LF2 was locked until 180s after fire ignition, which means there was no air entrainment within 180 seconds. The average temperature was 54.95 . The CO concentration was greater than 1221 ppm because of the incomplete combustion of liquid fuel. The smoke spread into platform as quickly as the carriage door and shield door were opened. The average temperature of smoke in platform climbed to 31. 19 , the CO concentration increased to 473.65 ppm and the visibility at 2 m decreased to 0.66 m. The environmental condition of platform engendered great negative influence on evacuation of passengers. After water mist activated, the smoke temperature in platform decreased to ambient temperature within 3 minutes, the visibility increased to 23.8 m and the CO concentration decreased to 39.13 ppm. The environmental conditions of platform were no longer harmful to passengers. The activation of water mist system could also help to improve survival conditions inside of the carriage, the CO concentration decreased to 166.04 ppm and the temperature inside of the carriage also decreased significantly. 
Discussion and analysis
Temperature variations
The thermocouples installations are shown in Fig. 3 . Thermocouple T1 was set beneath the ceiling of the tunnel area, Thermocouples T2~T4 were set in the platform at the cross-section of central of shield door. T5 ~T9 were set in the central line of carriage.
According to Fig. 4 to Fig. 6 , when water mist activated, both the inside / outside temperatures decreased within a short period. The dimensionless cooling coefficient of water mist can be expressed as,
The dimensionless cooling coefficient of each test can be calculated as followed, which means the water mist was more efficient in cooling temperature inside of the carriage, although the water mist had not been direct engaged on the fire source. 
Variations of species concentrations
Figures 7 and 8 reveal the variations of volume fractions of CO 2 , O 2 and CO in platform in both tests. The variations of visibilities are also shown in Fig. 8 .
The dimensionless CO attenuation coefficient can be written as, 
Variations of mass flow rate through shield door
The calculation of the mass flow rate through an opening was introduced by Morgan [18] :
where , , 
Some previous experimental results revealed that the production of CO is primarily dependent on the smoke layer temperature and the equivalence ratio, upper layer below 800K indicated the chemically un-reactive layer, final CO production was dictated by combustion within the fire plume [19] [20] [21] . The formula followed can be deduced by the conservation of CO as the maximum temperature of the smoke flow through the door was below 400K, 0 0, , 0 
Conclusions
Experiments have shown that water mist system can release the consequences of fire accidents in subway tunnel.
• Based on the conservation of CO concentration in smoke flow, the mass flow rate through shield door can be calculated. Water spray curtain generated by the water mist system can reduce the smoke flow significantly.
• Due to the reduction of mass flow rate, the temperature and CO/CO2 concentration can be reduced obviously.
The visibility and O2 concentration also can be increased.
• The entrainment of water mist will help in reducing the temperature inside of the carriage, although the water mist had no direct engaged into fire plume. The survival condition in the carriage can be improved. The water mist system will help to improve the survival conditions for evacuations of passengers both in platform and carriage.
